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8 The stability and transport of radiolabeled Fe,O, par-
ticles were studied

and gravel aquif|
material. Variables in the study included flow rats, pl-(

ionic strength, electrolyte composition, particle concen-
tration. and size. was highly
upon colloidal stability. IronwdeeoMmmody
mobile to a significant extant, but under some hydrogeo-
chemical conditions were transportad faster than tritisted
water, a conservative tracer. Thse uu:ft of oolloid
was dependent upon a variety of parsmeters;
however, the Inghm mmual correlation was cbserved
with particie size and anionic composition of the sup-
pornn[‘ ehctroiyts. Amumdu was utilized for ‘atassament
of colloid-contaminant con

colloid-amsocisted arsenate transport was over 21 times thet
of the dissoived arsenate. )

Introduction

phase
solid phase, may be necessary under some
ical conditions. These are solid particies of di-
mensions. Colloids are generally regarded as particies
having diametars less than 10 um (1), which tend to remain
ressarchers have investigated

Duotothmh;hapoaﬁcwﬁaamudmy
mobile inorganic particies consisting of clay mnlnb.
hydrous iron., and sluminum oxides may s
the transport of contaminants. lnuwdybyl(had.
(8), it was suggested that the transport of some radionu-
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clides in groundwater at Gorleben, Germany, was facili-
tated by the pressncs of mobile ferric hydrozide particies.
TomknnL(S)foundtbatCnrmponthMMvu
primarily controlled by sorption onto clay particles fol-
lowed by clay particle transport. Others have demon-
stratad the facilitated transport of contaminants associated
with reactive mobile colloidal perticies in both iaboratory
and fisld studies (10-14). In addition to high reactivity,
colloids must be present in relatively high concentrations
to be & significant traneport mechaniam. Recent sstimates
of colloidal eonanmuoummmduur range as high
as 63 mg/L (4, 14, 15).

Particies with diameters of 0.1-2.0 um may constituts
the most mobile size fraction in porous media. The offi-
amdumd.mdwnpndlybtwndlm
dus to sedimentation and/or interception processes,
whareas for particies seaaller than 0.1 um, removal occurs
by diffusion (16, 17). In laboratory experiments using sand
columns and carboxylated polystyrene beads that ranged
in size from 0.10 to 0.91 um as model colloids, Reynolds
(18) recovered 45% of the 0.91-um and greater than 70%
of 0.10- and 0.28-um beads. Deta of Rundberg in a report
by Nuttall (19) have shown greater breakthrough of 0.91-
than 0.1-um particles in fracture flow column experiments
fot:hoYumM«mmmpct Pmnd.(l‘l)fumd

promoting stability were in ev-
idence up to 0.1 M NaCl (pH 8). In laboratory tasts,
Eichols et al. (21) found that cationic nuclides were com-
petitively adsorbed on suspended clay particles that were
shown to be capable of traveling at watar flow velocity in
porous mineral columes. In simulated aquifer experiments
using sand beds, Champlin ud Eichholz (22) demon-

by

aqueous geochemistry of the systém. Matijevic et al. (23)
studied the stability and transport of hematite spheres
through packed-bed columns of stainiess-steel beads as a
function of pH snd the concentzation of & varisty of simpie
and compiex electrolytas. Surface charge alterations of the
hematite and stainiess-stael beads by different electroiyres
was the dominant factor in particle deposition and de-
tachment.

Most ressarch efforts have utilizad artificisl laboratory
model systems (e.g., flucrescent latex microspheres, giase
beads, stainless-stesl beads. etc.). Th-pmpmooftbnmk
was to investigate specific aqueous chemical effects on the
mobility of snvironmentally realistic colloids and their

0013-936X/92/0020-0814803.00/0 © 1992 American Chemical Society



N

Tabie 1. X-Ray Diffractioa Data for Aquifer Solids from
Weil 107, Globe, AZ

intenmty.*

% mineral phase chemical formula
100 quartz Si0,

52 albite NaAlSi,0,

17 magnesium (Fe.Mg)SiOy

orthoferrosilite

17 grunlingite Bi, TeS,

15 teeniolite K, sMg.sLir :5Sir O o'
12 Duscovite KA],‘SI)A”O(Q‘OH.FH

12 raguinite TiFeS,

10 hercynite FeAl,O,
5 manganese diotide MnO,
¢ Intensity is relative abundance with the predominant peak ar-
bitranly set at 100% and the remaining peaks normalized to that
peak height.

potantial for transport through natural porous .qulfor
media under controlled laboratory conditions. Irom ozide
particles were synthesized to specific size and shape for
uuuthomobdoeoumdalphno. Thmwondumd

istics. Aqui
site in Globe, AZ, was used for the column pecking material
oc immobile phase. Arsenate was selectad as a ubiquitous
and hazardous inorganic contaminant. Batch sxperiments
mpuform.dtowduucdhdmbiﬁtynnd“m

. :
were performed to determine the extent of colloid trans-
port and to compare retardation of aqueous and colloid-
associated arssnats. Study varisbles included column flow
rate, pH, ionic strength, eloctrolyte composition (anion/
cation), particle concentration, and particle size.
Materials and Methods

All solutions and suspensions wers prepared from
deionised water (DIW, Millipore Corp.). Glassware was
cleatied in 10% HNO, and rinsed several times with DIW

before use. Reagents were analytical grade (Fisher Sci-
mmmmcm)mu-m

sits has focused on colloidal jons i
for i contaminants (3€). Copper has
been mined since 1903 from porphyry sdjacent to

i alluvium
300-800 m wide, as much as 50 m thick, and ~20 km long
forms the upper, central part of the aquifer in a valley
along Miami Wash and Pinal Cresk. Most of the sediment
in the alluvium ranges in size from fine sand to coarse
gravel. but clay lenses and bouiders are also present.
Alluvial, consolidated, besin fill, more than 100 m thick,
forms the remainder of the squifer beneath and adjacent
to the unconsolidated alluvium.

In the upper alluvium, hydreulic conductivity is on the
order of 200 m/day on the basis of cross-sectional aree,
hydraulic gradient, and measured outflow (25). On the
budhydmhcm&nmﬁuo.oosmom

the Darcy velocities near the wells in the upper alluvium
range from 1.0 to 1.7 m/day.

The major mineral phases in the aquifer samples were
identified with X-ray diffraction (XRD) and are listed in
Table L The pH,,, or pH at which the net surface charge
ofuohdothm.-nnmponntmlﬂocm
both colloidal stability and the interaction of the colloids
with immobile matrix surfaces. Above the pH,,., minerals
posssss a net negative charge, while below this pH, the net

. © ma
'm“?-’-‘ . o B

Figare 1. Scanning elecon micrograph of approximately 200 nm

diameter Fe,0, periicies.
charge is positive. pndommneeofulu(pﬂ.,
~ 2) and other minerals layer silicates and man-

such as
ganess which have pH,,s<4 it was assumed that
the column matrix material would exhibit a net negative
charge most environmentally relevant pH condi-

F .
of FeCly and HC] using the method of Matijevic and
Schunu(%‘) The method was modified by the addition
of a spike of ®FeCl,, prior to heating, to permit detection
of the colloid with liquid scintillation counting techniques.
The colloids were washed repestedly with pH 3 deionized
water to remove unreacted materials from the suspensions.
Particle concentration was determined by both filtration
and residue on evaporation techniques to be ~1.5 g/L.
Mase balances were performed to verify the resuits.

A -6’( 10¢/pd (1)

where A is the geometric surface area. o the density, and
d the diameter. Whhthnpfobablyundmummﬂn

and particle were used to characterise
the surface of the synthesized
3 m&h?&mmm

or base were recorded carefully. Solutions 0.01 M in
NaOH, HC, or HCIO, were standardized against potas-
sium hydrogen phthalate and used as the titrants.
The titrations performed on the benchtop with the au-
mmmpumdbyh(h-p\mtyl‘lun.vh:chhd
besn additionally stripped of CO. with an in-line Ascarite
filter. Aliquots (30 mL) of washed colloids were placed in
180-enL tall-forme beakers. lonic strength adjustmments were
made using appropriats weights of NaClO, crystals dis-
solved into the suspension. The suspensions were adjusted
to a starting pH of 4 and allowed to equilibrate for st least
24 h. Titrant additions were programmed for 10-min in-
tervals.
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The glovebox titrations were performed by manually
adding tne utrant to 30-mL collmﬂal suspensions using a
microliter pipet. lonic strength idjustments were made
using appropniate weights of NaCl crystals dissolved into
the suspension. which was then allowed to equilibrate
overnight in the gloveboz. Titrant additions were made
when the pH of the suspension appeared stable within the
measuring limits of the electrode (0.02-0.04 pH/min).
This intervaj ranged from a low of 13 min away from the
pHpe to 25 min in its vicinity.

Electrophoretic mobility tEM) of the colloids was de-
termined using a Rank Brothers Mark Il system with a
four-electrode capillary cell, thermostated at 30 °C, that
was illuminated by a 3-mW neon-helium laser. The sys-
tem was fitted with a video camera coupled to a rotating
priam for acquiring mobility dawa. Fe,Os suspensions were
prepared at 1:100 dilutions of the washed stock colloidal
suspensions, in various electrolytes, to cover a pH range
from approximately 3 to 10. NaClQ, st two ionic strengths,
0.001 and 0.01 M, was utilized as a relatively noninteractive
electrolyvte to determine the pH of zero mobility or isce-
lectric point (pH,,;) of the colloids in the absence of spe-
cifically sorbed species. Mobility was then determined in
0.01 M NaH,PO, and 0.01 M Na,HAsO,, both specifically
sorbed anions, to assess their impact on electrophoretic
mobility over a range of pH. The constant voltage applied
to the cell was 25 V, 19.5 V as measured across the probe
electrodes.

Arsenats Adsorption Experiments. Adsorption of
arsenate to the aquifer solids was performed to determine
its affinity for these surfaces and for comparison of batch
and column-derived solid-solution: distribution valuss.
Adsorption of arsenate to the Fe,0; particles was also
investigatad to determine the adsorption capacity of the
particles and strength of arsenste retantion. Preliminary
experiments were performed to determine steady-state
equilibration time and appropriate solid-solution ratio. A
24-b equilibeation period and solid-solution ratics of 6 g/30
mLforthuquersohdsmd‘Sm/.‘!)mLfonhaF‘,O,
particles were chosen. Tnphuu
experiments were performed in 50-mL Oak Ridge po-
lyallom::- entrifuge tubes. Initial arsenate concentrations
ranged rrom 7 X 107 to 3 X 10* M in 0.01 M NeClQ,. The
pH range examined was 4-8, and a temperature of ap-
proximately 25 °*C was used in all experiments. Sampiles
were shaken on a rotary shaker throughout the equili-
bration to ensure mixing. After ethbunon. samples were
centrifuged at 2560¢ for 70 min. The mpmnant was
sdditionally filtered through 0.2-uM Nuclepore membrane
filters to prevent the inclusion of solid flocs and micro-
particles in determinations of aqueous concsntrations of
arsenate. Samples were acidified with double-distilled
HNO; to pH <2 for analysis with a Jarrsll-Ash Modasl 975
inductively coupled argon plasma (ICAP) or a Perkin.
Elmer Zeeman/3030 stomic absorption spectrophotometer
with graphite furnace (AAGF). Adsorption was deter-
mined by difference between initial and final arsenate
concentrations. Desorption of arsenate from both the iron
oxide particiss and the aquifer solids was accomplished by
repeated replacement of the centrate with srsenate-free
0.01 M NaClO, following adsorption. In all experimenta,
blanks and stock standards were analyzed and losses 1o
containers and filters were evaluated.

Colloid/Matrix Interaction Experiments. Interac-
tion of the Fe,0; particles with the aquifer solids was
evaluated in batch experiments for compaerison with col-
ump results. The duration of these experiments was 1 h
with shaking, comparable to the colloid-matrix contact
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time for the siowest flow rate used in the coiumn tests.
The same solid. solution ratios were used as for the ad-
sorption experimenta. with triplicate samples and similar
use of blanks. Separation of the radiolabeied particies from
the aquifer solids was accomplished by allowing the sam-
ples to settie for 1 h, followed by withdrawal of 5 mL of
supernatant, which was filtered through a 5>-um Nuclepore
filter. Efficiency of 100-nm Fe,0, particle passage through
the 5-um fiiters was determined to be >99% using the
stock colloidal suspension.

Colloid Stability Experiments. Colloid stability was
evaluated using PCS. Washed stock colloidal suspensions
were used o spike solutions of various electrolyte com-
position, ionic strength, and pH. Sampies were allowed
to equilibrate overnight and the pH was readjusted as
necessary. An increase in size of the Fe,0, particles in-
dicated instability. In the pH range where the particles
were most unstabie, coagulation was almost instantaneous.
Selected sampies were periodically rechecked over several
weeks for confirmation of long-term stability.

Column Transport Experiments. Adjustable-length
glass columns, 2.5-cm diameter, were used for all experi-
ments. An [smatec variable-speed peristaltic pump and
an Isco Cygnet fraction collector were also used. Aquifer
solids were air-dried and sieved, with the 106-2000-um
fraction used to pack ths columns to bulk densities
from L5 to 1.7 g/cm®. Assuming a particle density of 2.65
g/ cm?® for the aquifer solids, the porosity ranged from 0.36
to 0.45. Porous polyethylene beds and 80-um nylon screens
were used to support the matrix aquifer solids in the
column and ailowed greater than 99% passsge of colloids
through the apparatus during blank runs. Columns were
slowly (0.08 m/day) saturated from below and flushed for
at least 1 week prior to initiation of experimental runs.
Darcy velocities used in the experiments were 0.8, 1.7, and
3.4 m/day. Seven different columna were packed for nu-
merous distinct experiments. The use of multiple columns
Wwas necessary as the injected particles became increesingly
concentrated near the column inlet zone. The number of
different experiments performed on any given columnn was
therefore dependent upon previous egperimental resuits.
Columns were carefully examined when dismantled to
assess the distribution of retained particles. The first two
columns were operated in a vertical mode with suspensions
injected from the top. The third column was operated
both vertically and horizontally. Replicate runs indicated
no significant differences with column orientation. The
remsining four columns were operated horizontally.
Tritiated water CHHO) was used as a conservative tracer
to analyze column operation, aa well as for transport
comparisons with the injected particles and dissolved ar-
senate. Tritiated water and arsenate were injected until
effluent concentration equaled influent concentration (C,).
For the colloidal transport experiments, the colloidal
suspension and tritiated water injection durations were
equal The input of the Fe,0; suspensions and arsenate
was followed by electrolyte of the same com-
position used for the injectates. PCS was used to verify
size and stability of columnn influent colloidal suspensions,
and comparisons were also made with selected column
effluent samples. The effluent fractions were collected in
polypropylene test tubss over various time intervais de-
pending upon the flow rate and experiment (longer col-
lection times for the dissolved arsenate experiments). A
0.5-mL aliquot from each fraction was mixed with Beck-
man CP cocktail in 7-mL polyethylene vials and counted
on & (Beckman model) scintillation spectrophotometer for
20 min for the radiolabeled colloid experiments. The ar-
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Figwe 4. Blectrophoretic mobilty of Fe,0, particies as a function of
pH in e presence of diferent concentrations of NeCIO,.

senate experiments wers analyzed by ICAP and AAGF.

Results and Discussion

Fe.0, Surface Charscterization. Raesults for the
bench autotitrations (NeClO, background) and the manual
glovebox titrations (NaCl background, are presented in
Figures 2 and 3; respectively. Thae titration curves in
Figure 2 converge at approximately pt 7; however. the
curv-ncvcrmllyupcnum Thuuproh-blvduo
to insufficient equilibration times between titrant additions
in this region. Figure 3 provides a much more disunct
cromsover, indicating that sufficient equilibration time was
allowed for these titrations, but it occurs at a higher pH,
approzimately pH 7.3-7.8.

Figures 4 and 5 illustrate the resuits of electrophoretic
mobility determinations in the absence and presence of
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Figwe 6. Stadilty of 150-am Fe,0, particies as & funcion of pH In
0.008 M NaCIO,.

strongly interacting anions, rupocnvoly The p is
mﬂﬂy&lmtheNnCiO., H"
autotitration results in NaClO, (Figure 2). Mntucvu: et
alg.ﬂ;?m_d[thcpﬁ_farmﬂnﬂysynwm
to p ~

high concentrations of phosphate have been
enhance

charge
reversal on positively charged particles (27), resulting in
smfuumhuumcﬁmmmchnutpﬂ
« pHy,~ This wes tastad and observed for both phosphate
and arsenate (Figure 5). This charge-reversal effect could
have significant implications in the subsurface if sufficient
sorbing anions are present and
capable of increasing the repulsion between individual
colloidal particles (increased stability) as well as between
the mobile particles and the immobile matrix minerals,
thus promoting their transport.
r..o,c«n-um The stability of 150-nm Fe,0O,
particles, suspended in 0.0056 M NaClO,, from pH 3 to 11,
is shown in Pigure 6. The Fe,0, particles were stabls in
0.01 M NaClO, and 0.01 M NaCl over the pH ranges
2.0-6.5 and 9.7-11.0. From pH 6.5 to 7.6, in the vicinity
of the p the colloids were very unstable, even in ex-
tremaely diluts electrolytes or deionized water. In 0.006 M
NaCIO.andOMMN.CL&ompH?.GtoO? the colloids
that is, the kinetics of coagulation were
alow(nmnlholm) This was also observed in 0.01 M
Ne SO, over the pH range 7.6~11. Therefore, column
influent and effluent particle size was monitored
throughout the column experiments.
An example of increasing particle size with the onset of
coagulation or instability is shown in Figure 7. Over the
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Figre 8. Freundich isotherm data for arsenste adeorption on Globe.,
AZ. aquiler solids (pH 7, 0.01 M NeCIO,, € 9/30 mL, 24-h ecualibragion).

time and size range observed, the kinetics approximated
a zero-order reaction rate. Up to ~1 um, that apparent
rate was 50 nm/min (~ = 0.94) as determined by PCS.
This represents only a loose approzimation dus to un-
certainties concerning particle packing.

When suspended in sodium arsenate or sodium phos-
phate solutions up to 0.01 M, the particies were stable from
pH 4 to 11, as indicated above. In addition to increasing
the pH stability region where the particles sre net nega-
tively charged, the magnitude of that charge is increased
at a given pH by these muitivalent anions, thus contrib-
uting to enhanced stability of the iron oxide particies over
the pH range of thess experiments.

Adsorption Experiments. Arsenate adsorption on the
aquifer solids conformed to a Freundlich isotherro (Figure
8), defined by the relation

S= KC(" 2)
where K is the empirical distribution coefficient or solid
surface affinity term, S the steady-stats concentration on
the solids (mg/kg), C; the steady-stats solution concen-
tration (mg/L), and n an empirical cosfficient relatad to
the monolayer capeacity and energy of adsorption. Values
of n < 1 imply decreasing energy of sorption with in-
creasing surface coverage. The calculated K and n values,
using the linearized form of the above equation, were 5.5
and 0.73, respectively.

Arsenate adsorption dsta for the Fe,04 colloids were
fitted to a Langmuir isotherm (Figure 9) defined by the
relation

S=hdCi/(1 + RCH 3)

where k is the Langmuir solid surface distribution coef-
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Figwe 10. Adsorpon-descrpiion deta for arsenate on Fe,0, paricies
(oM 7, 0.01 M NaCIO,, 4.5 mg/30 ML, 24-h equilrations).

ficient, b is the adsorption capacity, and S and C; are
defined above. An advantage of the Langmuir model is
the incorporation of the capacity term. This is important
for estimating the mass of contaminant potentially
transported by the iron oxide particles. The correlstion
coefficient for the linearized Langmuir form of the above
esquation was 0.97 and the adsorption capacity was esti-
mated to be 0.01 g of arsenic/g of Fe,0,. There was very
little difference in adsorption from pH 4 to 7; however, a
gradual decrease was observed with increasing pH.

Desorption experiments using arsenate-free 0.01 M
NaClO, at pH 7 indicated strong retention of the arsenate
on the Fe,0, particles, with only about 2-6% of the ad-
sorbed fraction released. Percent desorption was directly

proportional to the initial arsenate concentration, indi-
cating a decline in the snergy of adsorption as the surface
became increasingly saturated with arsenate (Figure 10).
This has important implications for pump-and-trsat rem-
ediation of highly contaminated sites. High initial effi-
cisncy of dissolved arsenate removal will significantly
decline once concentration values are reduced below the
piateau portion of the adsorption isotherm and desorption
becomes less energetically favorable.

Fc,O,—nquer solid interaction experiments were per-
formed in batch mode with different colloidal suspensions
whose average size was 125 nm and particle concentration
was 10 mg/L. A total of 53% of the particles hetero-
coagulatad with the squifer material in 0.01 M NaClO,,
whereas only 4% heterocoaguiated in 0.01 M NaH,PO,.
The percentage of initial particle concentration which in-
teracted with the aquifer matrix solids was determined by
difference between suspended particie activity and total
initial activity. Blanks (no aquifer material) resulted in
3% loss.
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Table [I Columa Resuits of Colloidal Fe,O, Transport through Natural Aquifer Material

velocuty. particle iomc % C, colump
size. nm pH m day concn. mg'L strength anion thru ength. cm
200 3.9 34 10 0.005 cr 0 3.8
125 39 3.4 10 0.005 cI 4 5.1
130 8.1 34 H <0.001 Cl0o, 37 38
250 8.1 34 10 0.03 SO%* 17 3.8
150 3.9 34 3 0.03 SO 14 3.8
100 76 3.4 3 0.03 HAQ 937 2.5
in0 T6 1.7 3 0.03 HAsO,* 96 2.5
100 -5 0.8 5 0.03 HA20> 93 2.5
125 Te 34 10 0.03 HPO - 99+ 5.1
100 T8 1.7 3 0.03 HPO* 99 2.5
100 w6 3.4 3 0.03 HPO > 99+ 2.5
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Dissolved Arsenate Transport Experiments. Col-
umn studies with dissolved arsenate were performed to
compare distribution factors (K,) with those derived in the
batch tests and for comparison to colloidal-facilitated
transport of arsenate on the Fe,O, particles. The column
K, roughly corresponds to the K value calculated using the
Freundlich isotherm and is determined by

Ri= 1+ (nKy/n) 4)

where R, is the retardation factor, p, is the buik density,
and n is the porosity. Tritiated water was used for esti-
mating the average bulk fluid velocity.

At a column flow rate of 3.4 m/day, s of 2.65 g/cm?,
and n of 0.4, the column K, value was 1.4 L/kg. When
the flow rate was decreased to 1.7 m/day, the column K
value increased to 3.0 L/ kg or approached thoss of the 24-h
equilibrated batch X vaiues. This indicated rate-limited
adsorption onto the aquifer solids at the higher flow ve-
locities. This demonstratss the importance of making such
comparisous and not relying solely on batch sorption static
equilibrium data, especially for specific site assessment
purposes. When groundwater flow velocities are relatively
rapid, assumptions of local equilibrium may be invalid.
Flushing the columns with deionized water (low ionic
strength) significantly increased turbidity in the column
effluent due to dispersion of the aquifer finss. When the
effluent was analyasd, the almast entirely colloid associated
arsenate was determined to be approximately equal to the
influent arsenate concentration, demonstrating the po-
tential importance of this transport mechanism (Figure
11).

Colloidal Traasport Experiments. The injected
Fe,0, particles generally broke through at the same time
or prior to the tritiated water (Figure 12). The rate of
colloid transport through the columns was over 21 times

Relative Pore Velumes

Figwe 12. Brealdhrough curve for Fe,0, particies suspended in 0.01
M NaH.PO, and in 0.01 M Na,HASO, (pH 7.8, 3.4 m/day, 5 mg/L).
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A
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Figwre 13. One-way ANOVA: effect of size on paricie
(O, 95% confidence imervel; O, comparieon of means).

faster than the dissolved arsenate. A summary of repre-
sentative column resuits for the colloidal transport ex-
periments is compiled in Table II. The extent of Fe,0,
particle breakthrough was dependent upon a variety of
parameters. These paramaters (Tabls IT) were statistically
explored in detail with the SAS program /P, ulmc%Co
bmkt.hromhut.hrupommhh. Only particle size

tlyaﬂocudt.ho%Cubntkthrough
{Figures 13 and 14} in thess analyses. Within the different
groupings (anion, size), the means and 9% confidence
intervals are representsd by horisontal lines within poly-
gons. The concentric circles are simply overiays of the 95%
confidence intervals. Combining these two parameters
(anion and size) into a two-way main effects analysis of
variance (two-way ANOVA) modei accounts for 98.4% of
the variability in the particle breakthrough resuits. The
other factors testad gave no significant correlation over the
parameter ranges utilized in this study. This is not to say
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Figwe 14. One-way ANOVA: effect of anion on paricle
(©. 95% confidence marval; O, compereon of means).

that the other factors were not important with respect to
colloidal transport, only that anion and particle size most
ngmﬁandynﬁocudp-mdchtuhhmuh. Ionic strength
and pH are obviously important factors affecting both
colloidal stability and transport. In dilute solutions of
nonspecifically bound electrolyte species [ pm

arsenate drmnaﬂynffoctbotheoﬂolddlubnhty (in-
crease) and transport.

No colloidal transport occurred on the positive side of
the iron oxide p indicating electrostatic interaction

mththcnnmnvolychu‘dmmnml. In low:

MamdNaClundNnClO..m
exendod&O’ of initial particle eqnmmuou.

suspensions repuision
Fe,0, particles and the aquifer solids. This phenomenon
permitted almost complets separation during settling in
the batch tasts and resuited in almost compilets throughput
in the column tests. There was substantially lowsr particie
recovery of sulfate-based suspensions. The colloidal

transport experiments with the sulfate-besed suspensions,
anhhmﬂh&wwmﬁﬁtym
suggest less specific interaction with the Fe,0, surface
compared to arsenate and phosphate.

Mazximum percent breakthroughs occurred with phos-
phate- and arsenate-based suspensions and appeared to
be unaffected by velocity (0.8-3.4 m/day) or column
length. Likewise, no significant differsnces were observed
due to particle concentration. Additional experiments are
planned using longer columns to further explore particle
flow path length and velocity effects on transport. The
specific adsorption of the predominantly divalent phos-
phate and arsenats anions onto the Fe,0, surface causes
a charge reversal on the initially net positively charged
umﬁanndmwmmummdonmnondmto

increased particle-particle repulsive forces. The effect is
a lowering of the pH,, and an increase in net negative
chmenmthowu:rosurfmovnamdorpﬂnm
This also increased the repuision between the mobile,
negatively charged particles and the immobile, net nega-
tively charged column matrix solids. As a resuit, the
particles remain at a greater distance from the pore walls
in the column matrix, where fluid velocity is higher. This
charge exclusion, in addition to size-exclusion phenomena,
may explain the early breakthrough of the colloids relative
to the tritisted watsr. A comparison of colloidal break-
through between phosphate and chloride suspensions is
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shown in Figure 15. A greater exclusion volume is indi-
cated where the only difference is the anionic composition
of the supporting slectrolyte.

Given & groundwater containing 20 mg/L suspended
colloidal solids, of surface area and reactivity comparable
to these Fe,0, particles, spproximately 0.1 mg/L arsenic
could be colloidally transported under hydrogeochemical
conditions represented by the 0.01 M NaClO, and 0.01 M
NeCl suspension results described above. This is twice the
current maximum contaminant level (MCL) currently set
for drinking water. The reactivity of these model colloids
compares favorably with some of the more ubiquitous
subsurface minerals. Anderson et al. (28) determined
aluminum hydrozide capacity for arsenate to be as high
a8 0.12 g/g. Hingston et al. (29) found the arsenats ad-
sorption capacity for goethite to be on the order of 0.012
g/¢- In addition, while this approximates the suspended
solids concentration observed at the Arizona site it is only
one-third the concentration observed at some other sites
(4, 14).

Summary and Conciusions

Transport of inorganic colloids through sand and gravel
type aquifers may be significant under certain hydrogeo-
chemical conditions. Due to the high reactivity of many
inorganic particies in natural subsurface systems thers is
the potential that this form of contaminant transport may
be important at select sites. Colloidal transport will be
influenced by the following: ionic strength. ionic compo-
sition, flow velocity, quantity, nsture, and size of suspended
colloids, geologic composition and structure, and ground-
water chemistry. The most significant of these factors
under the conditions investigated in these column exper-
iments were ionic composition and particle size. In some
cases, neglecting colloidal mobility in our predictive con-
taminant transport models may underestimate both the



transport rate and mass {lux. Chemical parameters af-
fecting coiloidal stability and transport must be included
in wransport modeling along with physical parameters (such
as pore size distribution, colloidal density and size, and flow
velocity).
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